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Abstract

Transverse rotating magnetic fields (Bmax ¼ 7:5mT, frot ¼ 50Hz) were applied to the floating zone growth of doped
silicon. Non-periodic dopant fluctuations caused by time-dependent thermocapillary convection were considerably

reduced by the rotating field. The radial segregation profiles (measured by a spreading resistance probe) became more
homogeneous and more symmetric. The transition from a regime dominated by time-dependent thermocapillary
convection to a flow state characterized by the rotating magnetic field was determined. This threshold depends on the

height of the melt as well as the melt diameter (crystals between 8 and 14mm have been investigated) and the efficiency
of the applied field increases with larger melt zones. For a melt of 14mm in diameter and an aspect ratio of 1 it is in the
range of 2.5–3.75mT/50Hz (corresponding to a Taylor number of Ta=9.3� 103–2.1� 104). The change from a time-
dependent 3D-flow without field to a quasi-axisymmetric 2D-flow with the magnetic field is corroborated by numerical

simulations of the flow field: the thermocapillary driven irregular flow rolls are transformed to a nearly axisymmetric
flow with high azimuthal flow velocities but reduced axial and radial components. r 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Heat and mass transfer during semiconductor
crystal growth are mainly governed by convective
flows in the melt. Time-dependent convection in
particular leads to segregation on a microscopic
scale (dopant striations) as well as a reduced
homogeneity of the radial dopant distribution. In
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the absence of radio-frequency heating,2 buoyancy
and thermocapillary (Marangoni) convection are
the main sources for melt convection. For small
scale (diameterp15mm) floating zone silicon
crystals, the occurrence of dopant striations is
caused by time-dependent thermocapillary con-
vection, which was demonstrated experimentally
[1] as well as by numerical simulations [2]. Due to
the metallic character of liquid silicon, magnetic
fields are the most appropriate tools to influence or
control the fluid dynamics during crystal growth
processes. Over the last years, the first choice had
nearly always been the application of static
magnetic fields to suppress time-dependent flows;
parts I–III of this article series addresses those
possibilities [2–4]. However, severe drawbacks
have to be taken into account, particularly in the
case of the FZ-growth of silicon: static magnetic
fields exert a detrimental effect on the radial
dopant distribution due to a coring effect of the
remaining flow structure [3]; in addition, thermo-
electromagnetic convection (TEMC) was observed
in various cases, resulting in enhanced dopant
fluctuations instead of reduced ones [4]. Although
it was only observed for certain kinds of dopants
and concentration levels, it is difficult to predict
and to control the appearance of TEMC.
Transverse rotating magnetic fields (RMF),

used in steel casting since many years [5,6], follow
a different approach: it is not intended to damp the
fluid motion, but to dominate the irregular flow
structure by overlaying it with fast, azimuthal,
axisymmetric flows. Note that the induced azi-
muthal velocity is much smaller than the rotation
frequency of the field itself because of friction and
slip. The movement of the melt is driven by the
Lorentz force, which is proportional to the square
root of the magnetic induction, the rotation
frequency, the electrical conductivity of the melt,
and the melt radius [7,8]. Furthermore, the
strength of the Lorentz force is a function of the

melt height and is considerably lower for aspect
ratios smaller than approximately 2.5 [9,10]. The
driving force of the RMF is usually scaled by the
non-dimensional Taylor number (sometimes re-
ferred as magnetic Taylor number) as the product
of the squared Hartman number Ha and the
rotational Reynolds number Reo [11]

Ha ¼ BR

ffiffiffiffiffi
s
nr

r
; Reo ¼

oBR
2

n
;

Ta ¼ 1
2 Ha

2Reo ¼
B2oBR

4s
2rn2

;

where B is the magnetic induction, oB the angular
velocity of the field, R the radius, s the electrical
conductivity, r the density, and n the kinematic
viscosity.
Up to now, the application of an RMF to

crystal growth processes focussed mainly on the
improvement of the mass transport during THM
growth [12,13], on the control of the oxygen
concentration in Czochralski growth [14,15], and
the improvement of segregation during Bridgman
[16] and floating zone growth [17,18]. RMF-
generated flow velocities have been measured for
various simplified model arrangements with low
melting point liquids (e.g. gallium) [19,20], but in
all cases rigid cylinder walls had been used. In the
last years, considerable progress has been made
with respect to numerical simulations of RMF
induced convection. Due to the implementation of
the explicit Lorentz force model for finite cylind-
rical melt volumes [21,22], the flow structure and
the transition from laminar convection to Taylor
vortex type flow instabilities was demonstrated
[9,23].
Recently, the interaction of thermocapillary

convection and RMF was investigated numerically
by Witkowski and Walker [24]: they distinguished
three different regimes, one dominated by
Marangoni convection (ETap104), an intermedi-
ate one for Ta=104–105, and a third one
(ETaX105) dominated by the RMF where the
thermocapillary flow is reduced considerably.
Compared to our earlier work about the float

zone growth of silicon under the influence of
magnetic fields [2–4], the aim of the present work is
to control the microsegregation and the intensity

2Although radio-frequency heating generates, like a RMF, a

Lorentz force acting on the fluid due to an induced magnetic

field, the situation is completely different due to the small

penetration depth of the magnetic field (51mm) in the case of

RF-heating. The resulting flow field is, at least in the area close

to the free surface, a highly turbulent one consisting of irregular

eddies.
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of the dopant inhomogeneities without any draw-
backs like coring or thermoelectromagnetic con-
vection.

2. Experimental arrangement

The experiments have been performed in a
monoellipsoid mirror furnace similar to the setup
described in Ref. [3]. When a radiation frequency
heating system cannot be used, the sample size for
FZ-Si is severely limited under gravity and the
maximum sample diameter is restricted to
E15mm. To guarantee an oxygen-free atmo-
sphere, the samples are enclosed wall-free in fused
quartz ampoules. The feed material consisted of
pre-doped sample rods with an average dopant
concentrations of 2� 1018 at/cm3 (antimony),
1.6� 1019 at/cm3 (arsenic), or 6� 1017 at/cm3

(phosphorus), respectively. Different sample dia-
meters (8, 10, 12, and 14mm) have been investi-
gated. The growth velocities were between 1 and
10mm/min. A total of 25 samples has been grown.

No feed or seed rotation was applied to avoid the
interaction of striations caused by rotation and
those of convective origin. The non-dimensional
Marangoni number used to scale the strength of
the thermocapillary convection was in the range of
approximately 2� 103–6� 103, depending on the
melt height and the crystal diameter, which
influences the heat flow and consequently the
characteristic DT along the melt surface. The
Marangoni number is defined as

Ma ¼ �
qg=qTDTl

rnw
;

where qg=qT is the temperature dependence of
surface tension, DT the temperature difference, l
the characteristic length (half the zone height), r
the density, n the kinematic viscosity, and w the
thermal diffusivity.
The corresponding material parameters for

liquid silicon are summarized in Table 1. The
growth unit was placed inside a rotating magnetic
field device (Fig. 1, left hand side) consisting of six
separate coils. Constructing the magnet unit by

Table 1

Material parameters of liquid silicon at the melting point

r (g/cm3) [31] n (m2/s) [32] w (m2/s) [33] s (O�1m�1) [32] qg/qT (N/mK) [34]

2.53 3.5� 10�7 1.3� 10�5 1.2� 106 �0.28� 10�3

Fig. 1. (a) Experimental setup: a monoellipsoidal mirror furnace is placed in a rotating magnetic field device consisting of three

separate Helmholtz-type coil pairs; (b) sketch of the orientation of the magnetic field with respect to the melt zone and direction of the

induced Lorentz force.
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single coils results in a maximum degree of
freedom with respect to the available magnet
diameter. The coils are powered with conventional
50Hz AC, opposite coils are connected to form
Helmholtz-type coil pairs. The magnetic induction
can be controlled continuously between 0 and
7.5mT, different induction levels can be adjusted
within a few seconds. The geometry of the coils is
large in comparison to the melt volume resulting in
a homogenous field distribution within the melt
zone.
In the case of silicon with a diameter of 14mm, a

maximum Hartmann number of 2 results, the
maximum Taylor number is 8.5� 104. The skin
depth calculates to 65mm (in the case of 50Hz)
and therefore related effects are negligible. The
orientation of the field relative to the melt zone is
shown in Fig. 1 on the right hand side as well as
the direction of the induced Lorentz force.

The grown crystals were cut lengthwise parallel
to the {1 1 0}-plane, polished, and etched to reveal
compositional non-uniformities. Different charac-
terization methods have been used like Nomarski
interference contrast microscopy (NDIC), fre-
quency analysis of the NDIC microscope images,
and, for a quantitative assessment of the dopant
fluctuations, spreading resistance (SR) measure-
ments. A more detailed description of the char-
acterization methods is given in Ref. [3].

3. Results

3.1. Experimental results: dopant distribution

A magnetic field grown Si : Sb crystal
(+=14mm) is shown in Fig. 2, ‘‘as grown’’ on
the left hand side and a composite NDIC

Fig. 2. Si : Sb crystal: ‘‘as grown’’ (left hand side) and a composite NDIC micrograph after cutting, polishing and etching (right hand

side). The microsegregation (striation pattern) changes significantly upon application of the RMF.
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micrograph of the cut, polished, and etched axial
section on the right hand side. The magnetic
induction was altered several times during the
growth run which had no effect on the zone shape
or the diameter control of the crystal. The aspect
ratio of the floating zone was approximately 1. A
strong reduction of the dopant striations is evident
in the parts grown with an RMF, as can be seen in
the magnified section in Fig. 2 as well as in Fig. 3.
Without magnetic field (Fig. 3a), the distribution
of the dopant non-uniformities is irregular. The
frequency spectra as shown in Fig. 3 were calcu-
lated from the brightness signal of a trace taken
parallel to the growth direction from the NDIC
image and transformed into the time-domain by
using the average translation rate of 1mm/min.
They reveal no specific frequencies but a broad

distribution approximately between 0.1 and 2Hz.
This corresponds to a thickness of the dopant
striae approximately between 8 and 170 mm. The
signal intensity and the frequency spectra change
only slightly by applying a RMF of 2.5mT
(Ta=9.4� 103), but a strong transition in the
characteristic microstructure of the dopant dis-
tribution is found between 2.5 and 3.75mT
(Ta=9.4� 103–2.1� 104). A drastic reduction of
the intensity of the nonuniformities is observed
and the remaining striations show a spacing of
approximately 12 mm, corresponding to a charac-
teristic frequency of 1.3Hz. Increasing the mag-
netic induction to 7.5mT (Ta=8.5� 104), the
characteristic frequency shifts toE2.7Hz (equiva-
lent to 6 mm). Assuming that these quasi-periodic,
high frequency striations result from the flow

Fig. 3. Striation patterns (left and middle column) and corresponding frequency distribution (right column). The plots of the center

column show the intensity of the interference contrast microscopy images given on the left hand side. In the case of 14mm samples

(aspect ratio=1), the most significant change in the intensity of the dopant non-uniformities was found between 2.5 and 3.75mT/50Hz

or corresponding Taylor numbers Ta=9.2� 103 and Ta=2.1� 104, respectively.
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induced by the RMF, i.e. each dopant striation
corresponds to one azimuthal revolution
of the fluid driven by the rotating Lorentz force,
one can easily calculate the maximum azimuthal
flow velocity. The maximum velocity is reached at
the free surface (because of the slip condition)
resulting in a flow velocity of approximately
5.7 cm/s in the case of 3.75mT and 11 cm/s for
7.5mT.
As one would expect, the threshold from the

thermocapillaryFto the RMF-dominated regime
shifts to higher magnetic inductions for smaller
melt diameters (Fig. 4). In the case of 8mm, the
transition point could not be reached at all with
the field strength available. When assessing these
results, it has to be considered that the threshold
depends not only on the diameter (i.e. the Taylor
number) but also on the strength of the Mar-
angoni convection, which will be slightly reduced
for larger crystal diameters because of decreased
temperature gradients at the solid–liquid interfaces
due to a higher axial heat flux. In any case, the
efficiency of the RMF increases with larger melt
diameters and lower magnetic field strengths are
required to dominate the time-dependent natural
convection. A similar behaviour was described for
the interaction of time-dependent buoyancy con-
vection and RMF [18,19]. There, the transition
point from a buoyancy dominated flow (expressed

in terms of the non-dimensional Rayleigh-number)
to a RMF-dominated regime scales with the
square root of the Taylor number like RaBOTa:
The reduced fluctuation rate as observed in the

NDIC-images is also present in the axial spreading
resistance measurements (Fig. 5). In Fig. 5a, the
initial part of a Si : As crystal (8mm +) grown
partially without magnetic field and partially with
a field of 7.5mT/50Hz (Ta=9.0� 103) is pre-
sented. No significant difference is observed
between the curves measured in the center and at
the periphery. The point x ¼ 0 indicates the initial
interface position; due to a flattening of the
interface curvature, the peripheral part of the
crystal grew faster than the center one and the
markers indicating the transition are at different x-
positions. In addition to the reduced dopant
fluctuations, the slope of the axial segregation
curve changes due to the RMF. The alteration is
only weak for the case of Ta=9.0� 103 but
becomes significant for Ta=8.5� 104 (Fig. 5bFin
this case, the step widths of the SR-probe were
larger than the average striae spacings, therefore
the change in the microsegregation is not apparent
in the SR measurements).
Dominating the time-dependent thermocapil-

lary convection by the azimuthal forced flow
results in an improved radial dopant distribution
profile (Fig. 6). Two effects have been observed:
first, the fluctuations are strongly reduced which
agrees with the NDIC results and the axial
segregation measurements, and second, the shape
of the profile changes. It becomes flatter and more
symmetric when the field is applied. The higher
concentration level in the case of B ¼ 7:5
(Ta=8.5� 104) in Fig. 6 is effected by the axial
segregation: the final plateau of the dopant
concentration was not attained and is actually
impossible to obtain at all in a mono-ellipsoid
mirror furnace due to the limited processing
length.

3.2. Fluid flow: numerical simulations

The commercial software FIDAP [25] was used
to solve the coupled system of partial differential
equations numerically. The code is based on the
finite element method. A detailed description of

Fig. 4. Threshold values for the transition from a flow regime

dominated by thermocapillary convection to a flow governed by

RMF as a function of the melt diameter. The transition points

were determined for an aspect ratio of 1.
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the equations (Navier–Stokes equations in the
Boussinesq approximation together with the con-
tinuity equation) describing fluid motion and heat
transfer due to thermocapillary convection in a
silicon floating zone are given in Ref. [2], together
with the non-dimensionalization scheme and the
boundary conditions used. The numerical treat-

ment of transverse rotating magnetic fields, the
theoretical background, the basic equations (Na-
vier–Stokes equations with the Lorentz force term
and the induction equation), the applied approx-
imations (undisturbed magnetic induction and an
induced fluid flow velocity much smaller than the
rotation of the magnetic field), and the explicit
formulation of the Lorentz force distribution in
finite cylinders are explained in Ref. [9] and will
not be repeated here.
The computational domain of the melt zone is

fixed, fluctuations of the free surface or pinching
effects due to the RMF are neglected, an assump-
tion which is justified by the experimental ob-
servations. The shape of the floating zone was
calculated by solving the Young–Laplace equation
Dp ¼ gH (with g: surface tension and H: curva-
ture).
In contrast to the simulations presented in Refs.

[2,9], the transverse rotating magnetic field is now
acting on a free melt surface. In the case of an
infinite cylinder, the radial velocity profile can be
solved analytically. Due to the translation sym-
metry along the cylinder axis and the rotation
symmetry, the Navier–Stokes equations are

Fig. 5. Axial segregation of an 8mm Si :As crystal (a) and a 14mm Si : Sb crystal. (b) Details are explained in the text.

Fig. 6. Radial dopant distribution of an Sb-doped silicon

crystal. The fluctuations are reduced due to the RMF and the

shape of the profile becomes more axisymmetric.
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reduced to normal 2nd order partial differential
equations and ujðrÞ can be solved using a
polynomial approach, we obtain

urigidj ðrÞ ¼
soB20R

3

16rn
r

R
�

r

R

� �3� �

with boundary conditions (no-slip):

uj
��
r¼0¼ 0; uj

��
r¼R¼ 0

and in the case of a free surface where we assume
slip condition [26] in general, a liquid column with
free surface would asymptotically approach the
rotation frequency of the RMF

ufreej ðrÞ ¼
3soB20R

3

16rn
r

R
�
1

3

r

R

� �3� �

with boundary conditions (slip conditions):

uj r¼0 ¼ 0;
quj
qr

����
����
r¼R

¼ 0:

The ratio between the maximum velocities in a
cylinder of rigid boundaries compared to a melt
with free surfaces calculates to

ufreej max

u
rigid
j max

¼ 3
ffiffiffi
3

p

i.e. using the same magnetic field, a velocity more
than five times faster is achieved in the case of a
free surface. The corresponding velocity profiles
are plotted in Fig. 7, the velocities are normalized
on the base of the uj max of the rigid cylinder.
Contrary to the case of the fixed container walls,
where the maximum is located at r=1/O3R ¼
0:58 R; the maximum shifts to r ¼ R for the free
surface case.

For the numerical simulation of the RMF acting
on a free melt zone of finite length, we need the
boundary condition for the electrical potential F
to guarantee that no currents normal to the liquid
surface occur, in addition to the boundary condi-
tions formulated in Refs. [2,9]
on the free surface:

rf � n ¼ ðn�ðu� orejÞÞB0ex

¼
�B0ðut1 � orÞ cosðjÞr0ðzÞ

ð1þ r0ðzÞ2Þ1=2
þ B0ut2 sinðjÞ

at the solid-liquid interfaces:

rf � nk;v ¼ ðnk;v�ð�orejÞÞB0ex

¼
�B0or cosðjÞr0k;vðzÞ

ð1þ r0k;vðzÞ
2Þ1=2

where nk;v is the vector normal to the
solid–liquid interface; the index k stands for the
growth interface, v for the melting interface,
rk;vðzÞ the corresponding interface curvature of
the growing and melting interface, ut1;t2 the
tangential component of velocity; t1 and t2 are
two orthogonal local tangential vectors on the
surface.
The velocity field and the temperature

distribution for the case of the thermocapillary
dominated flow (RMF off) are given in Fig. 8a
and for the interaction of thermocapillary convec-
tion and rotating field in Fig. 8b. The simulation
was performed for a Marangoni number
Ma=3000 (equivalent to a zone height of 12mm
and a temperature difference along the free
surface of approximately 201C) which are realistic
values for the performed experiments. The
aspect ratio was 1.5. The structure of the flow
without field is fully three-dimensional (3D), one
large, diagonal roll is formed together with some
smaller ones in the corners. The break of

Fig. 7. Normalized radial velocity profiles obtained by analy-

tical calculations for the case of rigid cylinder walls (lower

curve) and for a free melt zone. In the case of a free surface, the

maximum velocity is more than five times higher and the fastest

flow is found at the melt surface.
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symmetry is reflected in non-symmetric isotherms.
The rolls are pulsating and the heat transport is
time-dependent with temperature fluctuations
DTp70:351C. The maximum flow velocity

amounts to 15.3 cm/s, pointing in axial/
radial direction. Performing the simulation
again for Ma=3000 but now with an applied
RMF of Ta=7.8� 104, the flow structure

Fig. 8. 3D numerical simulation of a silicon floating zone with aspect ratio=1.5. Without magnetic field, the 3D, time-dependent flow

structure with strong axial and radial components leads to asymmetric isotherms. Applying a RMF, the flow field and the isotherms

become axisymmetric, the main flow components point now into the azimuthal direction.
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changes drastically.3 The radial and axial flow
components are considerably reduced, now form-
ing nearly axisymmetric tori, in favour of a high
azimuthal flow with maximum velocities of
uj ¼ 14 cm/s. The isotherms become axisym-
metric, the fluctuation amplitude is reduced to
DT ¼ 70:021C.

4. Discussion

Several differences are noteworthy when com-
paring RMF-grown crystals with crystals pro-
cessed in static magnetic fields:

* No coring or faceting has been observed in any
of the RMF grown crystals as it was reported
for static magnetic field growth [3,27]. In
contrast, the rotating magnetic field actually
improves the radial segregation profile.

* We did not find any evidences for TEMC as it
may occur by the interaction of static magnetic
fields with thermoelectric currents [4]. The
generation of TEMC needs a magnetic field
perpendicular to concentration differences
along isotherms or temperature differences
along isoconcentration lines. The RMF changes
its direction as a function of time, therefore the
requirements for TEMC are not given.

* A significant difference is found in the magnetic
induction necessary to improve the dopant
distribution: for similar growth parameters, a
static magnetic field of approximately 200–
250mT was needed to eliminate microscopic
dopant non-uniformities [3], a magnetic induc-
tion more than one order of magnitude higher
than what is needed in the case of rotating
fields. A fact which also results in a much lower
power consumptions for the latter case.

Generally speaking, we see a relaminarization of
the flow regime due to an increase of the pressure
as a consequence of the high azimuthal forced
flow. Taylor-vortex type flow instabilities can be
generated when employing rotating magnetic

fields, provided that the induced flow velocities
exceed a certain threshold value [9,23]. However,
the appearance of Taylor vortices requires a rigid
container wall with no-slip conditions, thus float-
ing zone growth is not affected by this type of flow
instabilities.
The origin of the remaining dopant striations in

the RMF-dominated flow regime cannot be
addressed unambiguously, but several sources
might be responsible:

* Time-dependent thermocapillary convection is
still interfering with the (axisymmetric) forced
azimuthal convection, resulting in a weak
remaining time-dependent flow component.

* The forced convection is not exactly axisym-
metric, but ‘‘wobbles’’ somewhat. This is a fact
which cannot be excluded completely because a
slight misalignment of the sample with respect
to the center of the magnet or a certain
deviation of one coil compared to the other
ones is rather likely but difficult to prove with
standard Hall probes because of the low
induction of the field.

* The forced flow becomes unstable because of
the high flow velocities generated by the RMF
(compare Fig. 3). For a melt diameter of 14mm
and a flow velocity of 11 cm/s as it was derived
from the frequency analysis, a Reynolds num-
ber Re=2200 is calculated (Re ¼ nl=v with n:
flow velocity, l: characteristic length, i.e. melt
radius, and v: kinematic viscosity). In general,
the transition from laminar to time-dependent
or even turbulent flow is in the range of
ReE103, but it also depends strongly on the
configuration and the boundary conditions.

Which one of these factors plays the most
important role, cannot be separated and an
interaction of all of them is actually quite likely.
Due to the relatively low rotation frequencies of

the RMF, no interference was observed between
the RMF and the zone shape in any of the
experiments. Neither a pinching effect like in the
RF-heated needle eye technique was detectable nor
an influence of Joule heating as it has been
reported for the stirring of large volume mercury
melts [28]. For the investigated parameter range,
the influence of the magnetic field on the interface

3A Taylor number Ta=7.8� 104 corresponds to a magnetic
induction of 21mT for the case of r ¼ 4mm or an induction of
6.9mT and a radius of 7mm, respectively.
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curvature was rather weak compared to the results
reported for Bridgman or THM growth [13,29]
where a flattening or even a change from a concave
to a convex growth front was observed. The
secondary (poloidal) flow, which is responsible
for the significantly altered heat and mass trans-
port in the latter growth arrangements with rigid
cylindrical walls, is considerably lower in the FZ-
case due to the release of the pressure imbalance
(compare e.g. [30]) over the free surface.

5. Summary

Silicon floating zone experiments have been
performed using rotating magnetic fields of
0pBp7.5mT/50Hz. Phosphorus, arsenic, and
antimony have been used as dopants, crystal
diameters were in the range of 8–14mm. Thermo-
capillary driven convection was controlled to a large
extent by the rotating fields. The main results are:

* Microsegregation: The intensity of the dopant
non-uniformities is strongly reduced by RMF’s
of only a few millitesla. Their frequency
distribution is shifted to higher values (e.g.
from approximately 0.1–2Hz for B ¼ 0mT to
E2.770.2Hz for the case of d ¼ 14mm,
B ¼ 7:5mT/50Hz, equivalent to a Taylor num-
ber of Ta=8.5� 104). A relatively sharp transi-
tion point can be determined. Below this
threshold value, the striation characteristics
are defined by thermocapillary convection,
above it, the distribution is periodic and typical
for RMF-induced forced convection. The
threshold value is a function of the melt
diameter and lower field strengths are needed
for larger melt volumes.

* Radial segregation: The fluctuations of the
dopant concentration are reduced under the
influence of the RMF. The profiles become
more symmetric due to the azimuthal forced
flow.

* Axial macrosegregation: The initial transient
becomes steeper in the case of the rotating
magnetic field grown parts, indicating a reduced
axial and radial mass transport. This can be
attributed to the reduction of radial and axial
flow components upon application of the field.

* Interface shape: If the growth front is asym-
metric without field, e.g. due to thermal
asymmetries of the furnace, a symmetrization
is observed upon application of the field. The
curvature is slightly flatter in the RMF grown
parts but the effect is not significant.

3D-numerical simulations confirm the change in
the flow structure and demonstrate the transition
from an irregular, time-dependent regime without
field to a quasi-two-dimensional (2D), axisym-
metric one under the influence of the RMF:

* The RMF induces a flow with a high azimuthal
flow component, which suppresses the axial and
radial flow due to thermocapillary convection.

* The generated flow is quasi-2D. Asymmetric
isotherms are transformed to more symmetric
ones.

* For a non-dimensional Taylor number of
Ta=7.8� 104 (aspect ratio 1.5), a maximum
flow velocity of v ¼ 14 cm/s was calculated.
This is in good agreement with the flow velocity
of 11 cm/s derived experimentally by frequency
analysis for Ta=8.5� 104 (aspect ratio=1).

* The maximum flow velocity is induced at the
free melt surface; the maximum flow velocity is
more than 5 times higher for the case of free
surfaces compared to rigid walls.
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